Various chemical reactions using supercritical fluids have been investigated as a breakthrough that reduces environmental problems. Especially, water (Tc = 374˚C, Pc = 22.1 MPa, and ρc = 0.323 g cm -3 ) is well known as an environmentally benign solvent, and it has been reported that the various inorganic and organic reactions, such as the synthesis of metal oxide nanoparticles, 1-3 the dehydration of alcohols, 4-6 the hydrolysis of ethers, 4, 5, 7, 8 Friedel-Crafts alkylation 9 and the acylation 10 of aromatics occur without a catalyst in supercritical water. These reactions are expected to be controlled by the temperature and pressure (or density), 11, 12 since drastic changes in the solvent properties, especially the polarity 13,14 and hydrogen-bonding ability 15 of solvents, cause changes in chemical potential of the reactants, intermediates and products, and thus the activation energy. The solvent properties, which influence the reactions, are mainly the local level around the solute. Therefore, it is necessary to understand the local solvent properties around the solute, especially near to the critical region, in which the local density is different from the bulk. In addition, the hydrogenbonding ability of the solvent also has an influence on the reaction. 42 In the case of nucleophilic reactions, because the nucleophilic species are hydrated by solvent molecules, the reaction rate decreases along with an increase in the hydrogen bonding ability of the solvent. 42 However, hydrogen bonding between the solute and solvent molecules in supercritical water has not yet been clarified.
Introduction
Various chemical reactions using supercritical fluids have been investigated as a breakthrough that reduces environmental problems. Especially, water (Tc = 374˚C, Pc = 22.1 MPa, and ρc = 0.323 g cm -3 ) is well known as an environmentally benign solvent, and it has been reported that the various inorganic and organic reactions, such as the synthesis of metal oxide nanoparticles, 1-3 the dehydration of alcohols, 4-6 the hydrolysis of ethers, 4, 5, 7, 8 Friedel-Crafts alkylation 9 and the acylation 10 of aromatics occur without a catalyst in supercritical water. These reactions are expected to be controlled by the temperature and pressure (or density), 11, 12 since drastic changes in the solvent properties, especially the polarity 13, 14 and hydrogen-bonding ability 15 of solvents, cause changes in chemical potential of the reactants, intermediates and products, and thus the activation energy. The solvent properties, which influence the reactions, are mainly the local level around the solute. Therefore, it is necessary to understand the local solvent properties around the solute, especially near to the critical region, in which the local density is different from the bulk. In addition, the hydrogenbonding ability of the solvent also has an influence on the reaction. 42 In the case of nucleophilic reactions, because the nucleophilic species are hydrated by solvent molecules, the reaction rate decreases along with an increase in the hydrogen bonding ability of the solvent. 42 However, hydrogen bonding between the solute and solvent molecules in supercritical water has not yet been clarified.
UV-vis spectroscopy has been used to estimate the hydrogen bonding through the spectral shift of a probe molecule. [45] [46] [47] [48] The frequency of the maximum absorbance, νmax, can be empirically represented by the Kamlet-Taft equation [42] [43] [44] [45] [46] [47] [48] based on linear solvation energy relationships (LSER), as follows:
where the first term, A, is the frequency of the maximum absorbance under the condition with no solvent effect, such as in a gaseous state or a vacuum. The second term, sπ*, is for interactions between the solute and solvent polarities. The third term, aα, and fourth term, bβ, are for interactions between the hydrogen-bond acceptor ability (HBA) of the solute and the hydrogen-bond donor ability (HBD) of the solvent and the interactions between HBD of the solute and HBA of the solvent, respectively. The solvent parameters (π*, α, and β), which are obtained from the spectral shift, have found widespread use in describing many solvation effects observed for physicochemical properties, such as rate constants and equilibrium constants based on LSER. [42] [43] [44] [45] [46] [47] [48] In addition, the spectral shift under conditions without the effect of hydrogen bonding can be theoretically expressed by the physical properties of the solvent, which are the refractive index, n, and the electric constant, ε, based on the Onsager reaction field theory. 49 The McRae-Bayliss expression 50 is well known as one of these expressions, and is represented as:
where the first term is the same as the first term of Eq. (1). The second term is for interactions between the dipole of the solute and an induced dipole of the solvent; the third term is for interactions between the dipole of the solute and the dipole of the solvent. The second and third terms are theoretical expressions of the second term of Eq. (1). 42, 44 In supercritical fluids, the observed frequency, νmax, is different from that estimated by Eq. (2), assuming ε is the same as the bulk ε. Kajimoto attributed this difference to the difference in the local ε and the bulk one. 31 Further, the local density around the solute has been estimated from the evaluated local ε using the relation between ε and density ρ of the solvent.
18-51 When a solute that has hydrogen bonding ability is used, these differences affect not only the difference between the local density and the bulk density, but also the hydrogen bonding in supercritical water. Osada et al. 34 determined the parameters of Eq. (2) about quinoline in non-hydrogen bonding solvents under the ambient condition, and suggested a method to estimate the hydrogen-bonding ability of sub-and supercritical water. Since the bulk ε was used for the calculated frequency by Eq. (2), the estimated difference in the supercritical region included the effect of not only hydrogen bonding, but also local polarity. It is necessary to divide the effect of the local polarity and the effect of hydrogen bonding.
In this work, the UV-vis spectra of pyridazine, which has HBA to shift its n-π* absorption band, 51 was measured in water of various conditions (temperatures were from 25 to 450˚C and pressures were from 20 to 45 MPa). The relationship between the spectral frequency of pyridazine and the density of water was estimated based on the spectral shifts under the conditions of no difference between the local density and the bulk density. Then, the local density was estimated using the frequency in the supercritical region by this relationship, and the degree of hydrogen bonding, which is the probability for the formation of hydrogen bonding relative to that for water under ambient conditions, was evaluated in consideration of the local density.
Experimental

Reagents and chemicals
Distilled and deionized water with a resistivity of 18.2 MΩ cm -1 was used as a solvent. The probe chosen to detect the polarity and hydrogen bonding of the solvent was pyridazine (Aldrich, 98% purity), which does not directly relate with the reactions, but can be used as a probe solute of the solvent properties. Concerning the effect of the solvent's polarity and hydrogen bonding in the spectral shift of pyridazine under ambient condition, pentane (98%), hexane (99%), heptane (99%), cyclohexane (99.5%), diethyl ether (DEE) (99.5%), dibutyl ether (DBE) (98%), tetrahydrofuran (THF) (99.5%), dimethyl formamide (DMF) (99.5%), dimethyl sulfoxide (DMSO) (99%), methanol (99.8%), and ethanol (99.5%), were supplied from Wako Pure Chemical Industries. These chemicals were used as received.
Apparatus
A flow apparatus with a high-temperature, high-pressure
optical cell, used for in-situ UV-vis spectroscopy in supercritical water, and a general procedure were described in our previous publication. 40 Sapphire windows with a special configuration ( type: called "totsu" in Japanese) was used for the cell to reduce the cell dead volume. The cell internal volume was 0.25 cm 3 and the path length was 3.0 mm; the residence time in the cell was about 7 s at 380˚C and 30 MPa, described in a previous publication. 40 The aqueous solution of pyridazine in the cell had concentrations from 3.1 × 10 -3 to 23.4 × 10 -3 mol kg -1 . The pressures were from 20 to 45 MPa, and the temperatures were from 25 to 450˚C.
The spectrophotometer quartz cell on the market was used to measure the spectra in liquid solvents under ambient condition (pentane, hexane, heptane, cyclohexane, DEE, DBE, THF, DMF, DMSO, ethanol, methanol, and water), instead of the high-temperature, high-pressure cell.
Results and Discussion
Dependence of spectral shift on conditions
The n-π* absorption band of pyridazine in water from 25 to 400˚C and at 26 and 35 MPa are shown in Fig. 1 . The maximum absorbance of all spectra in this work was from 0.1 to 0.8 and the signal/noise ratio was from 34 to 130. As the temperature increased or the pressure decreased, the absorption band was shifted toward the longer wavelength side (red-shift). When the spectra of pyridazine were measured in supercritical water, the spectra of the recovered solution were remeasured under ambient conditions to estimate any possible decomposition. From the absorbance of the spectra of the recovered solutions, it was confirmed that the sample was scarcely decomposed under any of the given conditions, and that these spectra had the same shapes and the same maximum wavelengths as the spectra measured before the experiment. Therefore, these spectral shifts were probably not influenced by the chemical species, like the decomposition products. The maximum wavelength under different concentrations of pyridazine, at which the maximum absorbance was from 0.05 to 0.38, was observed at almost the same position. From these 1418 ANALYTICAL SCIENCES NOVEMBER 2006, VOL. 22 results, we assumed that the effect on a spectral shift by the concentrations of pyridazine could be neglected under our experimental concentrations. It is reported that such a shift is caused by both a decrease of the solvent polarity and hydrogen bonding according to a decrease of the density, and by a shift of the vibration mode of the probe with temperature. 33, 36 All of the spectra were fitted with a fourth-order polynomial to evaluate the frequency of the maximum absorbance. The determined frequencies were described as a function of density of the water, in liquid phase from 25 to 365˚C at 30 and 35 MPa, high-temperature (450˚C) supercritical phase, and gas phase at 250˚C and 1 MPa, as shown in Fig. 2a . In order to separate the effects of the temperature and density on the frequency, the frequencies at a constant density of 0.65 g cm -3 were plotted against the temperature, as shown in Fig. 2b . In Fig. 2a , it is found that the frequencies increased with increasing density. On the other hand, a change of the frequency was hardly observed with a change of the temperature at constant density, as shown in Fig. 2b . Osada et al. 34 also reported that the frequency of quinoline, whose molecular structure is similar to pyridazine, does not show any change with temperature (25 -300˚C) in gaseous argon. Thus, the spectral shifts of pyridazine can be attributed mainly to the effect of the polarity of the solvent and hydrogen bonding.
Estimation of the local density around pyridazine
First, the local density of water around pyridazine in the supercritical state was estimated from the spectral shift. Although estimations of the local density are still scarce under high-temperature, high-pressure conditions, such as supercritical water, and further under conditions forming hydrogen bonds between the solute and solvent molecules, that the local density around the solute is very different from the bulk density in supercritical fluids, especially near the critical region, was observed previously. The procedure for estimating the local density was referred to in previous studies. [21] [22] [23] [24] [25] [26] [27] [31] [32] [33] [34] [35] In this work, the equation expressing the spectral shift is determined by fitting the density of water and the experimentally observed frequencies under conditions where the local density can be regarded as the same as the bulk density. The effect of the solvent polarity on the spectral shift has been expressed by the physical properties of the solvent, which are ε and n, as theoretical equations in previous reports. 42, 49, 50 However, the effect of hydrogen bonding on the spectral shift has been mainly estimated as an empirical parameter. [42] [43] [44] [45] [46] Therefore, the spectral shift of pyridazine, which depends upon the effect of both the polarity and the hydrogen bonding, 51 can not be theoretically expressed. The relationship of frequencies νmax and ρ in the range from the gaseous state to the liquid state was fitted with a fourth-order polynomial by the least-squares method as follows: νmax = (2.12ρ 4 + 1.70ρ 3 -6.23ρ 2 + 6.09ρ + 29.7)× 10 3 .
In Fig. 2a , the fitted equation is shown as a smooth curve. Since the thermal movement of the solute and the solvent molecules overcomes the intermolecular force between them, the difference between the local density and the bulk density is expected to decrease by increasing the temperature, even in the supercritical state. 28, 29, 35, 40 The local density at a very high temperature (450˚C) was regarded as being the same as the bulk density in this work.
Then, the local density in the near-critical region is estimated from the difference between the calculated frequency from the equation and the observed frequency. The frequencies of pyridazine observed in supercritical water from 380 to 450˚C are shown in Fig. 3 . Equation (3) is also shown in this figure. The frequencies exhibited good accordance with Eq. (3) in the density above 0.5 g cm -3 , but deviated upward from Eq. (3) in the range from 0.1 to 0.5 g cm -3 . Further, this deviation was pronounced with approaching to the critical temperature and density. These phenomena mean that the local density around pyridazine is higher than the bulk density in the supercritical region, as described above. It has been reported that for benzophenone, 33 quinoline, 34 4-nitroaniline, 35 and 4-nitroanisole 40 in supercritical water, the differences between the local density and the bulk density are related to the free volume and the compressibility of the solvent. Therefore, in the liquid state and in a very high-temperature (450˚C) supercritical state, in which the isothermal compressibility is close to zero, the local density should be almost the same as the bulk one. Obviously, νmax should be related to the local atmosphere; Eq. (3) can be regarded as the relationship between the frequency of pyridazine and the local density.
In this work, the local density, ρlocal, of water around pyridazine in the near critical region was calculated from the 1419 ANALYTICAL SCIENCES NOVEMBER 2006, VOL. 22 measured frequency using Eq. (3). The difference between the local density and the bulk density, ρlocal -ρbulk, was defined as the excess density, Δρ, of the local density augmentation around pyridazine. The excess density was used to be a measurement of how the local and bulk densities differed in the near critical region from 380 to 420˚C, as shown in Fig. 4a . For describing Δρ in supercritical fluids, the Weibull line-shape function [23] [24] [25] [38] [39] [40] [41] is generally used, as follows:
There is no theoretical justification for this functional form; a, b, c and ρ0 are fitting parameters. The a is related to the maximum in excess density, and ρ0 indicates the bulk density at a. The other fitting parameters (b and c) are for the shape of the peak. However, Maroncelli et al. [23] [24] [25] reported that it provides a good representation of the density dependence observed in most of the data sets examined. The fitting results are shown as the smooth curves in Fig. 4a . The maximum of the excess density and the bulk density in which the excess density reaches the maximum are given in Table 1 .
The difference between the local and bulk densities in supercritical fluids depends on both the solvent-solvent interactions and the solute-solvent interactions. There are the following three types of solvation under supercritical conditions according to molecular-dynamics studies. 32 Because solute-solvent interactions are repulsive, the local density is
lower than the bulk density. Since solute-solvent interactions are weakly attractive compared with solvent-solvent interactions, the local density augments; this behavior shows a similar behavior concerning the free volume and compressibility of the solvent because the solvent properties become predominant. Because solute-solvent interactions are much more attractive than solvent-solvent interactions, the local density augments compared with the bulk density, and the excess density is maximized at a density much lower than the critical density. The excess density of pyridazine was compared with the isothermal compressibility of water (Fig. 4b) as follows. First, the excess density at 380˚C is not too large, while the isothermal compressibility is large. The reason for this difference is probably that there is a limit to the local density because the volume in which the solvent can affect the spectral shift of the solute is limited. Second, the maximum of the excess density was observed at a lower value than the critical density (0.323 g cm -3 ). The third is that the peak shape of the excess density became broader with increase in temperature in the range of the bulk density being lower than 0.2 g cm -3 . We think this is probably due to hydrogen-bond formation between the pyridazine and water molecules.
The one or two water molecules around pyridazine are strongly attracted through hydrogen bonding. 52 In the high bulk density region (0.3 -0.5 g cm -3 ), since the water molecules around pyridazine augmented by polarity interactions are much more than those attracted by hydrogen bonding, and thus its contribution is higher, the behavior of the excess density was similar to that of the isothermal compressibility of water. However, the water molecules augmented by polarity interactions decreased with a decrease of the bulk density (0.1 -0.3 g cm -3 ) and an increase of temperature, but it seemed that one or two water molecules were still strongly attracted to the pyridazine molecule via hydrogen bonding. Therefore, since the effect of the attracted water molecules by hydrogen bonding on the spectrum, which is the effect of not only hydrogen bonding, but also polarity interactions, became dominant at a lower bulk density of water, the maximum of the excess density exhibited a lower density than the critical density, and the shape of the excess density became broader along with an increase in temperature in the lower density region. In addition, peaks appeared even at 400 and 420˚C, where no local-density augmentation occurred around non-hydrogen bonding solutes in previous literature. 35, 40 These results probably mean that interactions between the solute and the solvent molecules are strong due to the hydrogen bonding.
Degree of the hydrogen bonding of supercritical water
Next, the degree of hydrogen bonding between pyridazine and water molecules was estimated based on the above discussion. The spectral shifts of pyridazine depend on both the polarity of 1420 ANALYTICAL SCIENCES NOVEMBER 2006, VOL. 22 Bulk density at maximum excess density/g cm -3 the solvent and hydrogen bonding. 51 A procedure proposed by Osada et al. 34 for dividing the effect of hydrogen bonding from the spectral shifts was employed in this study. The parameters (A, B, C) in Eq. (2) were determined to estimate the effect of the polarity interactions between pyridazine and water for the spectral shift using the spectrum shift in non-hydrogen bonding solvents (pentane, hexane, heptane, cyclohexane, DEE, DBE, THF, DMF, and DMSO). The νmax of pyridazine in non-polar solvents (pentane, hexane, heptane, and cyclohexane), in which the effect of the interactions between the dipole of the solute and that of the solvent can be neglected, were constant at 29744 ± 20 cm -1 . This means that the interaction between the dipole of the solute and the induced dipole of the solvent can be neglected, namely B = 0 cm -1 ; the frequency at no solute-solvent interaction, A, is 29744 cm -1 . There are some reports 31, 51 that, since the effect of the dipole-dipole interactions is much larger than the effect between dipole-induced dipole interactions when the polarities of both solute and solvent are large, the second term of Eq. (2) can be neglected. In this work, since the polarity of both pyridazine and water were relatively large, these results are reasonable. The constant C (= 1417 cm -1 ) was determined using the frequencies of pyridazine in polar solvents (DEE, DBE, THF, DMF, and DMSO), as shown in Fig. 5a . In Fig. 5b , the experimentally obtained frequencies are shown against the calculated frequencies by fitted Eq. (2).
The frequencies of pyridazine in HBD solvents (ethanol, methanol, and water) are also shown in Fig. 5b . As shown in the figure, the experimentally obtained frequencies in HBD solvents had higher values than those calculated. Osada et al. 34 attributed these differences to the effect of hydrogen bonding between the solute and the solvent. In the case that there is no difference between the local density and the bulk density, the difference between the experimentally obtained frequency and the calculated frequency from Eq. (2) is due to the effect of hydrogen bonding. More specifically, this effect can be attributed to the effect between HBA of pyridazine and HBD of water, 51, 52 namely, the third term aα of the Kamlet-Taft equation (Eq. (1)).
The difference of νmax, Δν, between Eqs. (2) and (3) was estimated as the effect of hydrogen bonding. The refractive index and the electric constant in sub-and supercritical water were reported by Schiebener et al. 53 and Uematsu et al., 11 respectively. All of the data were normalized by the value under the ambient condition, Δν25˚C = 2591 cm -1 . Thus, these normalized values of η, shown in Fig. 6 , expresses the ratio of hydrogen bonding based on the ambient condition. In the same figure, the normalized literature data of the UV-vis absorbance spectral shifts of quinoline from Osada et al., 34 η = Δνdifference/Δνdifference25˚C, are shown for a comparison. The normalized literature data of the NMR proton chemical shift from Matubayasi et al., 15 η = σ/σ25˚C, are also shown in this figure, which is widely accepted to be an index of the hydrogen bonding of water molecules.
The results of this work under high-density conditions (0.7 -1 g cm -3 ) were in remarkably good agreement with the UV absorbance spectral shift reported by Osada. This means that the determined value η depends mainly on the solvent conditions, rather than the solute species. However, the data from Osada deviated under the near-critical conditions (0.1 -0.6 g cm -3 ). These results are probably because the data from Osada were due to both the hydrogen bonding and the local polarity in the supercritical region. The data of the NMR from Matubayasi were in good agreement with the results of this work. Since the estimated value by NMR expresses the average of hydrogen bonding for all water molecules in the system, it can not distinguish between the local and the bulk. The results 1421 ANALYTICAL SCIENCES NOVEMBER 2006, VOL. 22 of this work probably express the relationship between the density of water and hydrogen bonding, regardless of the kind of solute.
The hydrogen bonding in the near-critical region was estimated in consideration of the local density. The local density, as shown in Fig. 3 , was used to estimate the effect of the local polarity on the frequency from Eq. (2); the difference of the calculated frequency by Eq. (2) and the experimental observed frequency was defined as the effect of hydrogen bonding on the frequency. The defined effect of hydrogen bonding between pyridazine and water at 380˚C was normalized by the value under the ambient condition; thus, normalized values were plotted against the bulk density as shown in Fig. 7 . The hydrogen bonding under the conditions without localdensity augmentation is also shown as a curve in the same figure. As shown in Fig. 7 , the hydrogen bonding between pyridazine and water in the near-critical conditions is larger than that without local density augmentation. For example, for a bulk density of 0.2 g cm -3 , the hydrogen bonding was about 30% of the ambient condition, and about 1.5-times that (η = 0.2) of no effect of the local density augmentation.
Conclusions
The local density around pyridazine, which is a solute used to form hydrogen bonds with water molecules, was estimated using UV-vis spectroscopy in supercritical water. The local density augmentation showed feature behavior for the solute that formed the hydrogen bonds. The excess density of the local density augmentation was reached at a bulk density lower than the critical density of water, and the shape of the excess density became broad with an increase of temperature for a bulk density lower than 0.2 g cm -3 . These behaviors are probably due to the one or two water molecules around pyridazine attracted by hydrogen bonding, which is stronger than polarity interactions.
The degree of hydrogen bonding was estimated while considering the local density. The estimated values for hydrogen bonding without local density augmentation were in agreement with the data from other measurements, and the ratio of hydrogen bonding based on the ambient condition probably depends on the density of water, regardless of the kind of solute.
The degree of hydrogen bonding in a large local density augmentation region was higher than that without the local density augmentation. At a bulk density of 0.2 g cm -3 , the hydrogen bonding was about 30% of that under the ambient condition, and about 1.5-times that without local density augmentation.
